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We have observed a large as well as path-dependent spontaneous exchange bias (HSEB)
(30–60 mT) in a nanocomposite of BiFeO3-Bi2Fe4O9 across 5–300 K when it is measured in an
unmagnetized state following zero-field cooling and appropriate demagnetization. The path
dependency yields a variation in the exchange bias depending on the sign of the starting field and
the path followed in tracing the hysteresis loop. The asymmetry thus observed—DHSEB—is
found to be decreasing nonmonotonically across 5–300 K with a peak around 200 K. The DHSEB
together with large HSEB could have significant ramification in tuning the exchange bias driven
effects and consequent applications.VC 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4796149]
While the conventional exchange bias (CEB) is observed
under field cooling, which sets the unidirectional anisotropy
(UA) across a ferromagnet (FM)–antiferromagnet (AFM)
interface prior to the measurement of the hysteresis loop, the
spontaneous one is observed even in an unmagnetized state
following zero-field cooling. It results from a symmetry
breaking across the FM-AFM interfaces and setting of the
UA under the first field of the hysteresis loop tracing. In
recent times, the spontaneous exchange bias (SEB) has been
reported for different alloys and nanoparticle composite
systems.1–4 The origin of this appears to be lying in the biax-
iality of AFM grains and variation in the FM-AFM bias cou-
pling among an ensemble of grains. We report here that we
have observed an even more interesting feature of the SEB—
variation in the magnitude of the bias depending on the path
followed in tracing the hysteresis loop—in a nanocomposite
of BiFeO3-Bi2Fe4O9. The hysteresis loop has been traced fol-
lowing two paths—þHmax!Hmax! þHmax (path a) and
Hmax ! þHmax ! Hmax (path b); Hmax is the maximum
field applied for tracing the loop. This asymmetry in the SEB
offers an additional tunability apart from the magnitude of
the maximum field itself and has not been reported for any
other composite or multilayer system exhibiting exchange
bias. We have also measured the CEB and found that CEB
too exhibits such a path dependency. The asymmetry in the
SEB and CEB—DHSEB and DHCEB—is found to be tempera-
ture dependent; while DHSEB decreases with temperature non-
monotonically the DHCEB decreases rather monotonically.
We have found that the SEB, CEB, and their path depend-
ency are originating from a spontaneous breaking of the sym-
metry of interface magnetic moment and setting of UA
among an ensemble of FM and AFM particles even in the ab-
sence of first field of hysteresis as a result of superspin glass
(SSG) mediated exchange bias coupling interaction. The
presence of SSG moment is revealed by a significant memory
effect in a stop-and-wait protocol of measurement.5,6 The
memory effect turns out to be depending on the temperature.
The BiFeO3-Bi2Fe4O9 nanocomposite has been prepared
by a solution chemistry route.7 The volume fraction of the
Bi2Fe4O9 phase has been varied from <3% to 10%. The
exchange bias is maximum for a composite of 6 vol. %
Bi2Fe4O9. It decreases both with the increase and decrease in
the volume fraction of the Bi2Fe4O9 phase. The details of the
microstructural and crystallographic data and their analyses are
available elsewhere.4 The magnetic measurements have been
carried out primarily in a SQUID magnetometer (MPMS;
Quantum Design) and also in a vibrating sample magnetometer
(VSM) of LakeShore Cryotronics, Inc. The SEB has been
measured following zero-field cooling from 350 K. In order
to ensure that the sample is not biased even by the trapped flux
of the superconducting magnet, we have discharged the magnet
following appropriate demagnetization protocol where the field
is decreased in an oscillation mode. This process leaves a negli-
gible amount of trapped flux—typically 10 Oe. Before starting
a new batch of experiments in MPMS, we normally bring the
chamber temperature to 300 K which is above the critical tem-
perature of superconducting coils and the coils are cooled down
by filling helium before starting new experiment. We have also
measured the SEB following a thermal cycling under zero field
through 800 K, which is far above the magnetic transition
points such as blocking temperature TB (>350 K) and Neel
point TN (590 K) of the antiferromagnetic component of the
composite, in the VSM system for confirming the unbiased
state of the sample in MPMS.
We report here the results obtained for the nanocomposite
with 6 vol. % Bi2Fe4O9 which exhibits maximum exchange
bias. While in an earlier work4 we focussed primarily on the
extent of spontaneous and conventional exchange bias observed
across a temperature range of 5–300 K and path dependency at
a particular temperature, we lay more emphasis here on how
the path dependency of the SEB and CEB evolves as a function
of temperature dependence. In Fig. 1(a), we show the SEB anda)Electronic mail: saibal.roy@tyndall.ie
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CEB by blowing up the portion of the loop near origin. The
corresponding full loops are shown in Fig. 1(b). Figs. 1(c)–1(f)
show the SEB and CEB for a maximum field of 5 T measured
following two different paths of tracing the loop—path a and
path b. Quite clearly both the exchange bias HE and the coer-
civity HC appear to be depending on the path of loop tracing.
The sign of the HE is negative (positive) for positive (negative)
starting field. In Fig. 2, we show the asymmetry in the SEB and
CEB—DHSEB and DHCEB—as a function of temperature across
5–300 K. The DHSEB exhibits a nonmonotonic pattern with a
peak around 200 K. The DHCEB, of course, decreases with the
increase in temperature rather monotonically. We have also
measured the CEB using different maximum field Hm. In
Fig. 3, we show the Hm and temperature dependence of CEB
and corresponding HC. Interestingly, while HCEB decreases
monotonically with the increase in temperature for different Hm
1, 3, 5 T, the corresponding HC exhibits a rise with temperature
from above 50 K. Therefore, there appears to be an anticorre-
lation between HCEB and HC. This anticorrelation signifies an
anticorrelation between the UA of the exchange coupled struc-
ture and the magnetocrystalline anisotropy of the FM compo-
nent. The magnetocrystalline anisotropy appears to be
increasing with the increase in temperature under field cooling.
Yet, its tensorial nature does not influence the UA of the sys-
tem. Finally in Fig. 4, we show the signature of the memory
effect at different temperatures—measured using a "stop-and-
wait" protocol—within a range below the blocking temperature
TB (>350 K) of the system. This has been measured in the fol-
lowing way. The magnetic moment versus temperature pattern
is measured initially under zero-field cooling. The temperature
is then brought back to 2 K from room temperature under zero
field. The magnetic moment versus temperature measurement
is then repeated but with a "stop-and-wait" protocol at a desired
temperature. As the desired temperature Tw is reached, the mea-
surement is stopped and waited for a stipulated time—104 s.
The measurement is then resumed and the temperature is
ramped back to room temperature. The difference between the
two moment versus temperature plots is shown in Fig. 4. The
dip at Tw is the signature of memory effect. It has been shown
earlier5,6 that this memory effect is an unequivocal signature of
the presence of SSG moments in the system. However, the dip
broadens and the memory effect weakens as the temperature is
raised. This is because of enhanced thermal effect on the spin
structure of the system. The thermal energy induces a random-
ness in the spin structure which, in turn, weakens the memory
effect. Interestingly, the memory effect is completely absent
above TB. This observation reflects that, as expected, the pres-
ence of SSG moments and consequent memory effect is con-
spicuous at only below the TB.
From the detailed analyses of the microstructure and crys-
tallographic data of the nanocomposite,4 it has been found out
that the BiFeO3 particles are bigger (112 nm) while the
Bi2Fe4O9 particles are finer (19 nm). It has already been
reported by others8 that finer Bi2Fe4O9 particles exhibit FM
order. The coarser BiFeO3 particles, on the other hand, are
antiferromagnetic with uncompensated local spins. It has also
been observed that there are superparamagnetic domains with
a blocking temperature TB> 350 K.
4 The memory effect, on
FIG. 1. (a) The regions near the origin of the hysteresis loops are blown up
to show the SEB and CEB; (b) corresponding full hysteresis loops are
shown; the temperature dependence of (c) SEB measured following path-a
and b and (d) the corresponding coercivity; the temperature dependence
of (e) CEB measured following path-a and b and the (f) corresponding
coercivity.
FIG. 2. The asymmetry in SEB and CEB—DHSEB and DHCEB—as a func-
tion of temperature; DHSEB exhibits a peak around 200 K while DHCEB is
rather monotonic across 5–300 K.
FIG. 3. The temperature dependence of (a) conventional exchange bias and
(b) corresponding coercivity; there is an anticorrelation between HCEB and
HC throughout the entire range of Hm and temperature; while HCEB
decreases with the increase in temperature, HC increases.
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the other hand, signifies the presence of superspin glass
moments. As the interparticle distance reduces and the
exchange interaction increases, the superparamagnetic
domains give way, initially, to superspin glass phase and then
even superferromagnetic phase as well.5 Therefore, the spin
structure in the BiFeO3-Bi2Fe4O9 composite appears to be con-
sisting of a FM core and SSG shell interacting with the local
moments of the AFM structure of coarser BiFeO3 particles.
The exchange interaction among the FM cores of different
finer particles is considered to have developed a net FM
moment across the entire composite. The AFM structures, on
the other hand, could be of various types including ones with
biaxiality with respect to the axis of application of the field or
exchange-coupled pairs.1 This, in turn, yields partially hyste-
retic, fully hysteretic, and non-hysteretic grains. The symmetry
of the interface moment, with respect to the direction of
applied field, within the ensemble of coupled grains is sponta-
neously broken even in the absence of first field of hysteresis
loop tracing via an indirect exchange bias coupling interaction
between FM core of Bi2Fe4O9 and AFM moments of BiFeO3
through the intermediate SSG moments at the interface. This
spontaneous setting of UA along the negative direction of
applied field (or universal UA (UUA)) even under zero field is
the origin of the path dependency for both SEB and CEB. The
volume fraction of the partially hysteretic grains vUUAfg with
UUA along the negative direction of the applied field governs
the magnitude of exchange bias as well as its path dependency.
The volume fraction of the partially hysteretic grains vUAfg with
UA set by the first field of the loop tracing, on the other hand,
governs the magnitude of exchange bias but not the path de-
pendency. The temperature dependences of vUUAfg (T) and
vUAfg (T) and their subtle interplay influence the temperature de-
pendence of DHSEB and HSEB. The nonmonotonicity in both
HSEB and DHSEB possibly results from an initial increase in
vUUAfg and v
UA
fg with temperature due to an increase in SSG
mediated indirect exchange bias coupling among the grains. As
the temperature increases, the frozen moments of SSG at the
shell in between FM and AFM grains are thermally activated to
interact strongly with the FM and AFM moments. This strong
interaction, in turn, makes the spontaneous symmetry breaking
more effective and gives rise to enhanced path dependency in
SEB. With further rise in temperature, the vUUAfg eventually
decreases as enhanced thermal randomization of the spin struc-
ture itself results in weakening of bias coupling interaction.
This anomalous influence of temperature is not conspicuous in
the case of CEB as in this case both the UUA and UA are fur-
ther influenced by field cooling from higher temperature. The
impact of field cooling masks the subtle role of temperature on
SSG induced spontaneous setting of UA. In fact, as shown in
Fig. 3, apart from its path dependency, the CEB itself does not
exhibit any nonmonotonicity across 5–300 K.
The DHSEB and DHCEB offer an additional tunability to the
exchange bias. Using a combination of maximum field of loop
tracing (Hm) as well as the path followed in tracing the loop—
positive or negative—it is possible to tune the magnitude of the
exchange bias. This tunability, in turn, can increase the func-
tionality in electrically switching the magnetic anisotropy of a
ferromagnetic system in a BiFeO3-ferromagnetic composite
like the present one via multiferroic coupling between ferro-
electric polarization and magnetization in BiFeO3.
In summary, we report that in a nanocomposite of
(94 vol. %)BiFeO3-(6 vol. %)Bi2Fe4O9 with finer and ferro-
magnetic Bi2Fe4O9 particles and coarser and antiferromagnetic
BiFeO3, one observes a large and path-dependent spontaneous
exchange bias (30–60 mT) across 5–300 K. The conventional
exchange bias too is found to be path dependent. This path de-
pendency offers an additional tunability in the effect of electrical
switching of magnetic anisotropy in a BiFeO3-ferromagnetic
composite via multiferroic coupling and is expected to improve
the functionality of such a device enormously.
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FIG. 4. The memory effect observed at 21 K, 50 K, 100 K, and 150 K under
“stop-and-wait” protocol of magnetic moment versus temperature measure-
ment. This effect proves the presence of superspin glass moments in the nano-
composite. The effect becomes more prominent as the temperature decreases.
17D916-3 Maity et al. J. Appl. Phys. 113, 17D916 (2013)
